Abstract: Plants subjected to abiotic stresses synthesize secondary metabolites with potential application in the functional foods, dietary supplements, pharmaceutical, cosmetics and agrochemical markets. This approach can be extended to horticultural crops. This review describes previous reports regarding the effect of different postharvest abiotic stresses on the accumulation of phenolic compounds. Likewise, the physiological basis for the biosynthesis of phenolic compounds as an abiotic stress response is described. The information presented herein would be useful for growers and the fresh produce market which are interested in finding alternative uses for their crops, especially for those not meeting quality standards and thus are considered as waste.
Introduction
The use of plants to target the synthesis of secondary metabolites with health-promoting properties has shown several advantages when compared with other available production technologies. Genetic engineering is the most commonly used tool to generate crop lines with enhanced concentrations of OPEN ACCESS desirable chemicals [1] . However, the use of genetically modified plants is limited because in most cases they are considered as potential biological hazards that create an ecological imbalance [2] . Taking this into account, alternative technologies are needed to use plants for the production of bioactive compounds. The application of postharvest abiotic stresses in fresh fruits and vegetables induces the accumulation of antioxidants [3] . This approach can be exploited as an effective alternative to genetic manipulation ( Figure 1 ). Nevertheless, little is known on the physiological and molecular basis for the accumulation of antioxidants as a postharvest stress response. Increasing the scientific knowledge in this area is critical to envisage strategies that permit the effective use of crops as biofactories of nutraceuticals. The use of postharvest abiotic stresses on extensively grown crops for the production of secondary metabolites with health-promoting properties is of scientific, economical and social interest. In our research group we have already demonstrated that carrots respond to wounding stress accumulating phenolic compounds mainly hydroxycinnamic acids [4] [5] [6] [7] . In addition, we have observed that the wound-induced accumulation of individual phenolic compounds can be affected by the application of an additional abiotic stress in the wounded-tissue provoking modifications in the total amount and type of phenolic compounds accumulated [4, [8] [9] [10] [11] . This strategy is proposed as an alternative to metabolic engineering ( Figure 1 ).
In this paper the physiological and molecular basis for the stress-induced accumulation of phenolic compounds in plants is reviewed. The information presented is useful for growers interested in finding alternative uses for their crops. For instance, growers would be able to use fresh produce that does not meet quality standards (considered as waste), as starting material for phenolics production.
Plants as Biofactories of Phenolic Compounds: Use of Abiotic Stresses
In the last few years the use of plants to produce chemical compounds with health-promoting properties has been extensively studied. Numerous crop plants such as potato, rice, tomato, among others, have been genetically engineered to produce higher levels of antioxidants [12] [13] [14] . However, metabolic engineering is technically complex and the extensive cultivation of genetically modified crops has been questioned due to potential environmental and safety issues [2] . The use of abiotic stresses is a practical and effective technology that allows the accumulation of antioxidants in plants (Figure 1 ). Among these antioxidants produced and accumulated as a stress response, phenolics have been identified as those with the highest potential to protect against different degenerative diseases [15, 16] .
The effect of different postharvest abiotic stresses (i.e., wounding, UV-light, hyperoxia, and the exogenous application of ethylene and methyl jasmonate) on the accumulation of phenolic compounds in fruits and vegetables has been evaluated in several studies. Reyes and Cisneros-Zevallos [17] evaluated the accumulation of phenolic compounds in purple-flesh potatoes subjected to ethylene (ET), methyl jasmonate (MJ), temperature, light, and wounding stress. The authors determined that only wounding stress induced the accumulation of total phenolics (60% of increase) in purple-flesh potatoes. Likewise, Reyes et al. [18] determined that the wound-induced accumulation of phenolic compounds depends on the type of fruit and vegetable tissue. The authors found that tissues with lower initial levels of reduced ascorbic acid and total phenolics responded to wounding stress with higher accumulation of phenolics as compared with the other evaluated tissues. Furthermore, Heredia and Cisneros-Zevallos [8] determined that combining wounding with additional stresses such as the exogenous application of ET and MJ in wounded lettuce, celery, red onion, carrots and jicama tissues enhances the wound-induced accumulation of phenolic antioxidants. However, the physiological and molecular basis for this stress response remains unknown.
From the studies mentioned above [8, 17, 18] , it was determined that carrot is a plant tissue that responds to different postharvest abiotic stresses. Therefore, carrot was used in subsequent investigations as a model system to study on detail the effect of applying different abiotic stresses such as the exogenous application of ET and MJ [9] , UV-light radiation [4] , hyperoxia [11] on the accumulation of phenolic compounds of tissue subjected to different wounding intensities (wholes, slices, pie-cuts, and shreds). The authors determined that the application of wounding stress is needed to activate the metabolic mechanisms of the plant. In addition, the wound-induced accumulation of phenolic compounds in carrots was greatest in the tissues with the highest wounding intensity. Furthermore, the authors observed that ET, MJ, UV-light or hyperoxia, applied in the wounded-carrot tissue enhances the wound-induced accumulation of phenolic compounds. For instance, Heredia and Cisneros-Zevallos [9] determined that wounding stress increases ~75% the phenolic content in shredded-carrots stored 6 d at 15°C. This wound-induced accumulation of phenolics was found to be enhanced to ~150% and ~200% when exogenous MJ (250 ppm) and ET (1000 ppm) were applied in the shredded-carrots, respectively. Similarly, Surjadinata [4] stated that the application of UV-C light (60 W × 50 cm distance) for 15 min in shredded-carrots increases by~15% the wound-induced accumulation of phenolic compounds after storing carrots 4 d at 15°C.
These investigations on the application of abiotic stresses on wounded carrot tissue [4, 9] were performed in order to evaluate different approaches to increase the nutraceutical content of fresh-cut fruits and vegetables. Jacobo-Velázquez et al. [11] studied a similar approach to evaluate the potential use of carrots as biofactories of phenolics. This approach involves the application of extreme conditions of stresses in fruits and vegetables to produce high levels of phenolics as a stress response.
The phenolic compounds produced as a stress-response can be subjected to downstream processing and used by the pharmaceutical and dietary supplements industries. Jacobo-Velázquez et al. [11] exposed carrots to extreme conditions of wounding in combination with hyperoxia (80% O 2 ) stresses. The authors determined that when shredded-carrots are stored at 20°C under hyperoxia conditions the phenolic content in the tissue can be increased in ~550% after 48 h of storage. Likewise, the authors stated that the shredded-carrots treated with hyperoxia produce 90% more phenolic compounds than the air treated samples.
Carrots as Biofactories of Hydroxycinnamic Acids
Carrots respond to wounding stresses synthesizing hydroxycinnamic acids. Previous work in our group identified the presence of CQA and tentatively CQA derivatives in wounded carrot tissue [7] [8] [9] . Furthermore, Jacobo-Velázquez et al. [11] confirmed the identity and presence of the isomers 3,5-diCQA and 4,5-diCQA in extracts obtained from wounded carrot tissue and analyzed by HPLC-ESI-MS n . The application of additional stresses such as ET, MJ, UV-light and hyperoxia in wounded-tissue induces modifications in the phenolic profiles of carrots. The results of these investigations are summarized in Table 1 . The following sections describe the effect of applying ET, MJ, UV-light, and hyperoxia on the accumulation of individual phenolic compounds (CQA, 3,5-diCQA, 4,5-diCQA) in wounded carrot tissue. Additionally, the potential health benefits of these phenolic compounds are briefly mentioned.
Chlorogenic Acid (CQA)
The CQA is the phenolic compound accumulated in the largest amounts as a response to wounding stress in carrots. This phenolic is extensively absorbed and metabolized in humans [19] [20] [21] and has several pharmaceutical applications. Clinical studies have demonstrated that CQA can be used to decrease the absorption of glucose and reduce the body mass of overweight and obese people [22] . Additionally, CQA has anti-hepatitis B virus activity [23] and inhibitory effect on brain-tumor progression [24] . The concentration of CQA in carrots can be significantly increased from ~16.2 mg/kg to ~440-920 mg/kg by the application of wounding stress. This increase depends on the storage conditions of the wounded tissue such as temperature. For instance, when shredded-carrots are stored at 15°C for 4 d, the concentration of CQA is increased by ~740% [11] . On the other hand, when shredded-carrots are stored at 15°C for 6 d, the concentration of CQA is increased by ~320% [9] . The wound-induced accumulation of CQA can be increased by 47%, 16%, and 31% when shredded-carrots are treated with exogenous ET (1000 ppm), hyperoxia (80% O 2 ) and UV-light (60W at 50 cm below the lamp for 15 min) stresses, respectively. The exogenous application of MJ (250 ppm) produces an inhibitory effect on the wound-induced accumulation of CQA in shredded carrots. Samples treated with MJ can accumulate ~27% less CQA compared with wounding alone. The CQA derivatives (dicaffeoylquinic acids, diCQA) 4,5-diCQA and 3,5-diCQA are highly bioavailable in humans [21] . These compounds have particular pharmaceutical importance since they can be used as an anti-HIV drug [25, 26] as well as for the treatment of jaundice and hepatic failure [27] . In addition, the diCQA derivatives can potentially be used as a drug to prevent neurodegenerative diseases related to oxidative stress such as Alzheimer and Parkinson [28] . Although the 3,5-diCQA is not present in non-stressed carrot tissue, the application of wounding stress induces the de novo synthesis of this phenolic compound. Approximately 49.1 mg/kg of 3,5-diCQA can be produced in shredded-carrots after their storage at 15°C for 4 d. The wound-induced accumulation of 3,5-diCQA in shredded-carrots is not significantly affected by the application of hyperoxia [11] and UV-light [4] stresses. The concentration of 4,5-diCQA in carrots is ~1.3-45.0 mg/kg and it can be increased to ~132 mg/kg in shredded carrots after 4 d of storage at 15°C. The wound-induced accumulation of 4,5-diCQA in carrots can be affected by the application of additional stresses. For instance, the application of ET can induce ~19% higher accumulation of 4,5-diCQA in shredded carrots [9] . Other stresses such as UV-light and hyperoxia do not affect the accumulation of this phenolic compound [4, 11] . The exogenous application of MJ in shredded-carrot tissue inhibits the wound-induced accumulation of 4,5-diCQA by 50% [9] .
Physiological and Molecular Basis for the Accumulation of Phenolics as a Stress Response
The accumulation of high levels of hydroxycinnamic acids in stressed-carrots is the result of the activation of different metabolic events that collectively exploits the genetic potential of the tissue to synthesize phenolic compounds. It is well known that wounding stress activates the phenylpropanoid metabolism in carrots to produce lignin and suberin during wound healing [29] . Lignin is composed of monolignols residues that are synthesized from hydroxycinnamic acids precursors [30] . Since carrots accumulate hydroxycinnamic acids, it is implied that these phenolics are synthesized at a higher rate compared with their rate of utilization.
The synthesis of hydroxycinnamic acids and lignin induced by wounding stress in carrots has to be the result of the activation of the phenylpropanoid metabolism together with those metabolic pathways involved in the supplementation of carbons skeletons such as respiration, glycolysis, oxidative pentose phosphate pathway (OPPP), and shikimate pathway (Figure 2) . Different signaling molecules, such as ET, jasmonic acid (JA), and reactive oxygen species (ROS) have been reported to be produced by wounding stress as well as to activate plant defense genes, including those from the phenylpropanoid metabolism [31] . The following sections review previous findings regarding the metabolic events involved in the wound-induced accumulation of phenolics in plants. 
Wound Healing and Accumulation of Hydroxycinnamic Acids in Plants
Lignin and suberin are synthesized and deposited in wounded sites during wound healing to protect plants from water loss and pathogen attack [30, 32] . Lignin is a polymer mainly derived from three hydroxycinnamyl alcohol monomers: p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol. On the other hand, suberin is an aliphatic-aromatic polyester. The aromatic domain of suberin is a lignin-like moiety composed of various substituted phenolics [32] . The high accumulation of hydroxycinnamic acids in wounded-tissue has been previously observed in different plants such as carrots [9, 11] , potato [33] , and lettuce [34] . Since these phenolics are the substrate used for the synthesis of lignin and suberin during wound healing, their accumulation may be related with a higher rate of production than their polymerization (Figure 3 ). Other authors have proposed that the accumulation of soluble phenolics in stresses-tissue is not limited to the production of cell wall but also it may function to protect cells under stress conditions [31, 35] . The biosynthesis of lignin as well as of the aromatic domain of suberin starts with the production of hydroxycinnamic acids that are converted to monolignols. These monolignols are then transported to the cell wall where they undergo oxidation and polymerization (Figure 2 ). Different types of enzymes such as peroxidases and laccases catalyze the dehydrogenative polymerization of monolignols. Peroxidases use H 2 O 2 to oxidize monolignols whereas laccases utilize O 2 [30] . 
Signaling Molecules Involved in the Wound-Induced Activation of the Phenylpropanoid Metabolism
Signaling molecules such as ET, JA and ROS produced by wounding stress are reported to induce the synthesis of phenolics through the activation of the phenylpropanoid metabolism (Figure 3 ). JA and ROS are thought to be the main signaling molecules that induce the accumulation of hydroxycinnamic acids, lignin, and suberin in wounded plant tissues. Inhibitors of the action and biosynthesis of ET such as 1-methylcyclopropane (1-MCP, an inhibitor of ET action) and aminoethoxylvinylglycine (AVG, an inhibitor of ethylene biosynthesis) have been used to study the role of ET on the wound-induced accumulation of phenolics in tissues such as lettuce, carrots and Camptotheca acuminata. Saltveit [36] reported that the use of 1-MCP before or after the application of wounding stress does not affects the accumulation of phenolics in lettuce, thus the author suggested that ET synthesized by wounding does not act as signal for the wound-induced accumulation of phenolic compounds. In accordance with these observations, Heredia [5] reported that the application of 1-MCP in carrots pie-cuts does not reduce the wound-induced accumulation of hydroxycinnamic acids. Likewise, Kim et al. [37] determined that treating wounded Camptotheca acuminata tissue with AVG does not affect the gene expression of ferulate 5-hydroxylase (F5H, a key enzyme in lignin biosynthesis). These observations suggest that endogenous ET produced as a response to wounding stress, does not have an evident effect as signaling molecule for the accumulation of phenolics and lignin on these wounded plant tissues. However, it has been reported that the exogenous application of ET induces higher accumulation of phenolics [9] . Similar experiments have been performed to evaluate the role of JA as signal for the wound-induced accumulation of soluble phenolics and lignin in plants. Inhibitors of JA biosynthesis such as n-alcohols, phenidione (PHEN), and salicylic acid (SA) have been applied in wounded lettuce, carrots, and Camptotheca acuminata, respectively. Choi et al. [38] exposed wounded-lettuce tissue to vapors (20 mol/g FW) or aqueous solutions (100 mM) of n-alcohols. The authors found that treating wounded-lettuce with n-alcohols in vapor or aqueous solutions can decrease the tissue browning by ~40 and 60%, respectively, suggesting a decreased synthesis of phenolic compounds and their further polymerization. Likewise, the application of PHEN (10 mM) in carrot pie-cuts significantly reduced in ~50% the wound-induced accumulation of hydroxycinnamic acids [5] . Kim et al. [37] demonstrated that the application of SA in wounded Camptotheca acuminata dramatically decreased the gene expression of F5H in the tissue, thus potentially reducing the accumulation of lignin in the wounded tissue.
ROS are one of the signaling molecules associated with the activation of the phenylpropanoid metabolism [4, 5, 11] , formation of suberin poly(phenolics) during suberization [39, 40] and with the synthesis of lignin [37] . ROS are produced via a diphenyleneiodonium (DPI) chloride sensitive Ca 2+ -dependent reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase. Upon stress NADPH oxidase produces superoxide radical (O 2 ) that is transformed into O 2 and H 2 O 2 by superoxide dismutase (SOD). It is well known that the production of H 2 O 2 is essential for lignin biosynthesis since it is the substrate used by peroxidase to oxidize monolignols. It has been demonstrated that the wound-induced accumulation of hydroxycinnamic acids in carrots can be inhibited by treating the tissue with a solution-containing DPI [4, 5, 11] . In addition, it has been reported that processes such as suberilization and lignification can be inhibited by the application of DPI [37, 39, 40] .
Wounding and the Synthesis of Aromatic Amino Acids (Carbon Source for Phenolics Biosynthesis)
The wound-induced accumulation of hydroxycinnamic acids, lignin, and suberin in plants has to be related with the activation of metabolic events involved on the supplementation of carbons skeletons to the phenylpropanoid metabolism ( Figure 2 ). Carbohydrates (starch and sucrose) are the substrates needed for the synthesis of phenolics. Phenolics biosynthesis, as well as respiration, starts in the cytosol of plant cells where sucrose is cleaved to produce glucose 6-P and fructose 6-P. Part of the hexose-P pool is transported to the plastid and converted to erythrose 4-P by the oxidative pentose-phosphate pathway (OPPP). The other fraction of the hexose-P pool is converted to glycerone-P in the cytosol by glycolysis. Glycerone-P is transported to the plastid and converted to phosphoenolpyruvate (PEP). Erythrose 4-P and PEP are the substrates for the shikimate pathway occurring in the plastid [41] . The shikimate pathway produces chorismate, which is used by chorismate mutase to synthesize prephanate. Prephanate is then converted to arogenate, which is subsequently transformed to L-phenylalanine. L-phenylalanine is used by phenylalanine ammonia-lyase (PAL) to initiate the synthesis of phenolic compounds as part of the phenylpropanoid mebolism that occurs in the endoplasmic reticulum of plant cells [31, 42] .
As previously described herein, carrots can be used as biofactories of chlorogenic acids when subjected to extreme conditions of wounding stress. Therefore, it is suggested that all these metabolic pathways involved in the synthesis of L-phenylalanine are wound-induced in the plant cell to supply the carbon flux needed for phenolics biosynthesis (Figure 2) . It is well known that respiration is increased in wounded-carrot tissue and that the respiration rate is dependent on the degree of wounding [43] . Likewise, the up-regulation of glycolytic enzymes in wounded tissues such as sugar beet has been previously reported and proposed as a potential mechanism to increase the flux of carbon compounds to support wound-healing process [44] . The activation of the OPPP by wounding is believed to play an important role in providing reducing power (NADPH) for lignin biosynthesis [45] . The wound-induced up-regulation of 3-Deoxy-D-arabino heptulosonate-7-phosphate synthase (DAHP synthase) and chorismate mutase, key regulatory enzymes of the shikimic acid pathway, has also been reported in Brassica juncea seedlings, tomato and potato [46, 47] .
Conclusions
Upon the application of wounding stress ET, JA, and ROS are produced which are key regulators of plant defense mechanisms. Although the up-regulation of the primary metabolism in wounded plants has been previously reported [46] [47] [48] , the role of ET, JA, and ROS on activating these pathways is not fully understood. The activation of the primary metabolism may be crucial for the biosynthesis of secondary metabolites, since it generates the carbon skeletons (aromatic amino acids) needed for secondary metabolites production. In addition, the OPPP is the major source of NADPH, which is needed for different biochemical reactions occurring in the wounded carrot tissue, for instance lignin and ROS biosynthesis as well as ROS detoxification [45, 49] .
Wounding stress up-regulates the expression of genes related with the biosynthesis of secondary metabolites with health promoting properties [6] . The involvement of ET, JA, and ROS on the accumulation of secondary metabolites has been previously studied by using inhibitors of their biosynthesis and/or action. These studies have demonstrated that these signaling molecules play an important role in the production and accumulation of phenolic compounds, ligning and suberin in wounded plant tissues such as lettuce, carrots, and Camptotheca acuminata [11, [35] [36] [37] 39, 40] .
The up-regulation of the primary and secondary metabolism induced by wounding stress in plants ( Figure 4) suggests that primary and secondary metabolites of interest, such as shikimic acid and antioxidant phenolics, are being synthesized in the tissue [6] . This demonstrates the potential use of abiotic stresses as a tool for the production of high commercial value plant bioactives. However, for future commercial exploitation of this concept there is need to address several issues and factors including the understanding of molecular mechanisms of stress signals, effects on different categories of bioactive compounds (e.g., carotenoids, vitamin C, others), the response to stresses of different crops, the possible microbial growth during stress applications, among other factors. This is an exciting new area where much research is still needed. 
